ABSTRACT
INTRODUCTION
Neuroblastoma (NB) is the most common extracranial solid tumor in childhood. More than 650 cases are diagnosed each year in North America. It causes up to 10% of childhood cancer mortality while accounting for about 5% of all pediatric cancer diagnoses. In spite of intensive multimodal therapy, the 5-year survival rate in children with high-risk disease is approximately 40% and has not improved dramatically over the past two decades [1] [2] [3] [4] [5] [6] . Treatment failure in high risk NB is largely attributed to the development of chemoresistance, which ultimately leads to relapse after frontline therapy [3] . One approach to solving this problem is to directly target the cellular changes induced by exposure to chemotherapy. In the past decade, the understanding of NB and new drug discovery have advanced tremendously with the help of molecular genetic techniques like genome sequencing and bioinformatic analysis, although a detailed understanding of the pathogenesis of chemotherapy resistance in this pediatric cancer remains obscure [7, 8] .
To facilitate our study, we used a bioinformatic analysis to identify novel agents capable of reversing the chemoresistant phenotype in NB tumor cells. We compared the gene expression profiles of six paired preand post-chemotherapy NB tumor samples from high risk patients. Using the Connectivity Map bioinformatics platform (https://www.broadinstitute.org/cmap) [9, 10] , we identified 10 readily available therapeutic agents that were predicted to reverse the transcriptome changes associated with chemotherapy resistance ( Table 1 ). Given that several of these compounds have been previously reported to be active against NB cells [11] [12] [13] , we examined the cytotoxicity of the remaining drugs: fluoropyruvate, PRL-3-inhibitor-1, YK-4-279, PF-04217903, zebularine, and EX-527. Initial cell viability experiments in NB cell lines showed one of these agents, the EWS-FLI1/RNA helicase A (RHA) interaction inhibitor YK-4-279, obviously inhibited the growth of NB cells in vitro, while the others did not.
YK-4-279, a small molecule, was discovered in a molecular screen based on its ability to bind to EWS-FLI1 and inhibit interaction with RHA [14] . Several studies have demonstrated the anti-tumor efficacy of YK-4-279 in Ewing's sarcoma, ERG-and ETV1-mediated prostate cancer and EWS-FLI1-induced leukemia [14] [15] [16] [17] [18] [19] [20] [21] . Without exception, all of these malignancies harbor EWS-FLI1 fusion genes or other so called ETS translocations. Given that neuroblastoma does not typically undergo these translocation events, this agent has not previously been considered for treatment of this malignancy.
A potential advantage of an unbiased bioinformatics platform such as the Connectivity Map is discovery of targets and pathways that have not been previously implicated in NB pathogenesis. Thus neither EWSR1 nor ETS translocations have been previously implicated in NB progression. In this paper we explore the use of YK-4-279 as a therapeutic agent for NB. Our results suggest that EWSR1, or related pathways, may be effective targets for NB treatment.
RESULTS

YK-4-279 inhibits the viability and anchorageindependent growth ability of NB cells
To assess the effect of YK-4-279 on NB cells, we performed cytotoxicity assays on a panel of six NB cell lines, including three MYCN nonamplified (SK-N-AS, SH-SY5Y, and CHLA-255), and three MYCN amplified (NB-19, NGP, and IMR-32) cell lines. We found that the treatment distinctly reduced the cell viability of all types of NB cells in a dose-dependent manner ( Figure 1A) . The IC50 values of YK-4-279 in NB cell lines is between 0.218 μM (IMR-32) to 2.796 μM (NB-19) ( Figure 1A ). The cytotoxic effect of YK-4-279 was confirmed by morphological images of six NB cell lines after treatments for 72 h (Supplementary Figure 1) .
To further validate the effect of YK-4-279 on growth of NB cells, the cell colony formation assay was performed. A dose-dependent inhibition of colony formation was seen in YK-4-279 treatment groups compared to the untreated cells ( Figure 1B ). These data demonstrate that YK-4-279 significantly suppresses cell viability and growth of NB cells, both MYCN nonamplified and amplified.
To assess whether YK-4-279 could inhibit anchorage-independent growth of NB cells, soft agar growth assays were performed with NB cell lines. In this assay, SK-N-AS, SH-SY5Y, CHLA-255, NB-19, NGP, and IMR-32 cells were cultured with YK-4-279 for three weeks. We observed that the numbers of colonies were markedly decreased in YK-4-279 treated groups compared to the control cells in all the tested cell lines ( Figures 1C  and 1D ). The results indicate that YK-4-279 impairs anchorage-independent growth of NB cells.
YK-4-279 induces cellular apoptosis in NB cells
YK-4-279 has been reported to induce apoptosis in many tumor types, including sarcoma and prostate cancer [14, 19] . We investigated whether YK-4-279 was capable of inducing apoptosis in NB cells using four NB cell lines, two MYCN nonamplified (SK-N-AS and SH-SY5Y), and two MYCN amplified (NB-19 and NGP). The cells were treated with YK-4-279 at different concentrations (0, 0.1 μM, 0.3 μM, 1 μM, 3 μM) for 24 h, and cell lysates were studied using immunoblotting for PARP, and Caspase 3. YK-4-279 induced PARP and Caspase 3 cleavage in all the tested cell lines (Figures 2A-2D ). Additionally, PI staining and FACS analysis was performed to analyze the cells for apoptosis after treatment with YK-4-279. We found that the population of apoptotic cells increased with YK-4-279 treatment in a dose-dependent manner ( Figures 2E-2H ).
YK-4-279 shows anti-tumor efficacy in orthotopic xenograft mouse models of NB Based on the cytotoxic effects of YK-4-279 on NB cells in vitro, we proceeded to assess the drug's effect on inhibiting tumor growth in an orthotopic xenograft mouse models of NB [22, 23] . In this set of in vivo experiments, SH-SY5Y cells with stable expression of the luciferase gene were implanted into the left kidneys of nude mice. Two weeks later, mice were treated with YK-4-279 or DMSO via i.p. injection every other day for an additional two weeks. At the end of the YK-4-279 treatment, the xenograft tumors of SH-SY5Y from control and treatment groups were dissected and weighed ( Figure  3A ). Significant tumor growth inhibition was observed in YK-4-279 treatment groups compared with the control groups ( Figure 3B ). Treatment of SH-SY5Y xenograft mice with YK-4-279 resulted in decreased tumor weight ( Figure 3C ). In order to test activation of apoptosis with YK-4-279 treatment in vivo, mice bearing SH-SY5Y tumors for four weeks were treated with either YK-4-279 or DMSO via i.p. injection for five days. Tumors from these mice were harvested and analyzed for activation of apoptotic pathways using immunoblotting. In this assay, YK-4-279 induced the cleavage of PARP and Caspase 3 in vivo ( Figure 3D ). 
YK-4-
YK-4-279 has a cytotoxic effect on chemoresistant NB cells
LA-N-6 is a chemotherapy-resistant NB cell line. We analyzed the effect of increasing concentrations of YK-4-279 on LA-N-6 cells. We found YK-4-279 reduced the viability of LA-N-6 cells with an IC50 of 0.653 μM ( Figure 5A and 5B). This effect was also confirmed by a colony formation assay in which YK-4-279 decreased colony formation by LA-N-6 cells ( Figure 5C ). To assess whether YK-4-279 could inhibit anchorage-independent growth of LA-N-6 cells, soft agar assays were performed and showed that the numbers of colonies were markedly decreased in YK-4-279 treated groups compared with control cells ( Figure 5D ). Immunoblot assays of LA-N-6 cells treated with YK-4-279 revealed cleavage of PARP and Caspase 3 in LA-N-6 cells ( Figure 5E ). Furthermore, we found that YK-4-279 enhanced the cytotoxic effect of Dox in LA-N-6 cells as detected by the CCK-8 assay ( Figure 5F ). YK-4-279 also strengthened Dox-induced PARP and Caspase 3 cleavage in these cells ( Figure 5G ).
EWSR1 expression strongly correlates with mortality of NB patients and is required for NB cell growth
Knowing that the EWS-FLI1 fusion protein is not frequently found in NB [24, 25] , we tried to evaluate the functional impacts of EWS and FLI1, respectively, in this disease. Currently, hundreds of samples of patients with NB have been examined by expression array or RNA sequencing, which provide a unique opportunity to address this issue [26, 27] . R2: Genomic Analysis and Visualization Platform (http://hgserver1.amc.nl/cgi-bin/r2/main.cgi) provides publically available gene expression databases for multiple tumors. The Kocak dataset and Versteeg dataset include NB profiles with both gene expression data and patient outcome. Since there was no data available for EWS-FLI1 in public NB datasets, we analyzed the expression of EWSR1 and FLI1, respectively, in NB. Kaplan-Meier analysis of the Kocak (n=476) and Versteeg (n=88) NB tumor gene expression datasets revealed that high EWSR1 transcript levels strongly correlate with poor survival (Figures 6A and 6B ). There is no significant correlation between FLI1 expression and survival of NB patients ( Supplementary Figure 2A) . High expression of EWSR1 is observed in the Jagannathan 38 NB cell lines dataset (Supplementary Figure 2B) , as well as in the NB cell lines used in this study (Supplementary Figure 2C) .
We studied knockdown of EWSR1 expression to assess whether this perturbation impaired NB cell growth. We generated stable EWSR1 knockdown cells from the parent SK-N-AS and SH-SY5Y (MYCN nonamplified), and NB-19 and NGP (MYCN amplified) cell lines using two EWSR1 shRNAs, respectively ( Figure 6C ). In a cell colony formation assay, we found that knockdown of EWSR1 in NB cells inhibited cell growth ( Figure 6D 
In further analysis, we sought to determine whether EWSR1 is directly regulated by MYCN since MYCN is a primary oncogenic driver of NB and is highly expressed in more aggressive tumors [28] . In the Kocak dataset [29] analysis of EWSR1 revealed that MYCN binds to the 5'-UTR of EWSR1 in both 
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The NB cells were treated with Dox (1 μM) alone or combined with YK-4-279 (1 μM) for 0, 8 h, or 16 h, whole cell lysate were subjected to SDS-PAGE and immunoblotted with antibodies against PARP and Caspase 3 to detect the apoptosis. β-actin was used as a loading control. www.impactjournals.com/oncotarget MYCN high and low expression NB cells suggesting that EWSR1 may be directly regulated by the MYCN oncoprotein (Supplementary Figure 2E) . Furthermore, bioinformatic investigation using the R2: Time Series dataset revealed that lentivirus-mediated knockdown of MYCN is associated with lower expression of EWSR1 in NB cells (Supplementary Figure 2F) . Taken together, these results suggest that EWSR1 expression influences tumor progression in NB and is partially regulated by MYCN oncoprotein.
DISCUSSION
We have demonstrated that the EWS-FLI1 and RHA interaction inhibitor YK-4-279 is active against neuroblastoma cell lines in vitro and in a mouse xenograft model of NB. This drug inhibits anchorage independent growth in these tumor cell lines and causes death by standard apoptotic pathway. The molecule is active against a chemotherapy-resistant cell line and its effect is additive with Dox. The EWS-FLI1 or EWS-ETS fusion has been regarded as the hallmark of Ewing's sarcoma and related tumors, and is found in nearly 95% of tumors [25, 30, 31] . The small molecule YK-4-279 was precisely designed to block the binding between EWS-FLI1 and RHA and downregulate the transcriptional activity of this oncogenic fusion protein, inhibiting the growth of Ewing's sarcoma [14] . Since the anti-tumor efficacy of YK-4-279 in Ewing's sarcoma was demonstrated in 2009, ERG/ ETV1-mediated prostate cancer and EWS-FLI1-induced leukemia have been verified as additional target diseases [14] [15] [16] [17] [18] [19] [20] [21] . Nonetheless, there is no definitive evidence that the presence of an ETS translocation, rather than mere overexpression of an ETS transcription factor, is necessary for YK-4-279 to be an effective agent [32] . In addition, a recent study showed that YK-4-279 treatment did not mimic the transcriptional effects of EWS-FLI1 knockdown [33] . Instead, they observed a pattern of alternative splicing events that were similar to EWS-FLI1 reduction. This study suggested that YK-4-279 disrupts the protein interactions between EWS-FLI1 a broad range of proteins involved in RNA slicing thus altering the splicing program rather than changing the gene expression pattern of susceptible cells [33] . These findings indicate the mechanism of YK-4-279 action may be more complex than direct alteration of the transcriptome.
It should be noted that our research used an unbiased bioinformatics platform to predict reagents that might reverse the chemoresistance phenotype of NB cells, rather than an inductive approach based on expression profiling that identified overexpression specific oncogene products in chemoresistant cells. This scheme led us to test an agent designed to interfere with EWS-FLI1 and RHA interaction in a tumor that has not been considered to be driven by this fusion protein. Given that EWSR1-FLI1 type fusion transcripts are not frequently found in NB [34] , we investigated the role of each of the fusion partners in NB tumor progression. Using the R2 platform, we analyzed the expression level of EWSR1 and FLI1 in published NB tumor and cell line gene expression datasets. These results showed that compared to FLI1, EWSR1 is generally Furthermore, EWSR1 expression is a poor prognostic factor in NB. (Figure 6 ). Thus it seems likely that in NB there is either a different fusion partner for EWS, such as a different member of the ETS transcription factor family, or there is a direct effect of YK-4-279 on EWSR1 in these cells. The expression array data in the public domain is not sufficient to differentiate between these two possibilities and further investigation is warranted. It is well established that MYCN amplification is associated with poor prognosis in NB [28, 35] . We analyzed the correlation between MYCN status and EWSR1 through the UCSC Genome Bioinformatics and public datasets in R2. The analysis indicated that MYCN binds to the EWSR1 5'-UTR in both MYCN high-and low-expression NB cells. Furthermore, knockdown of MYCN downregulated the expression of EWSR1 (Supplementary Figure 2) . Thus, overexpression of EWSR1 or an unidentified EWS fusion partner, may be a previously unrecognized downstream effect of MYCN amplification in NB.
Taken together, in this study, we demonstrate for the first time that YK-4-279 is cytotoxic to various NB cells (both MYCN amplified and MYCN nonamplified) and can induce cell death in vitro and in vivo. In addition, it potentiated the anticancer effect of Dox. The data presented here suggest that YK-4-279 might be beneficial in treatment of NB and deserves further investigation and clinical validation.
MATERIALS AND METHODS
Cell lines and cell culture
Human NB cell lines including MYCN nonamplified (SK-N-AS, SH-SY5Y, LA-N-6, and CHLA-255), and MYCN amplified (NB-19, NGP, and IMR-32) cell lines (Table 2) , were routinely cultured as described previously [36] . 
Clinical patient cohorts
The Kocak dataset includes 649 [37] and the Versteeg dataset includes 88 primary NB tumor profiles and are publically available from the gene expression databases at the R2: Genomic Analysis and Visualization Platform (http://hgserver1.amc.nl/cgi-bin/r2/main.cgi).
Antibodies and reagents
The anti-PARP (#9532), anti-Caspase 3 (#9662), anti-mouse (#7076) and anti-rabbit (#7074) antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA). The antibody against EWS was purchased from Santa Cruz Biotechnology (#sc-1102, Dallas, TX, USA). YK-4-279 (#S7679) was purchased from Selleck Chemicals (Houston, TX, USA) and prepared according to the manufacturer's recommendations. Dox (#D1515) and the anti-β-actin antibody (#A2228) were purchased from Sigma-Aldrich. 
Cytotoxicity assay and colony formation assay
Immunoblotting
After each treatment, total proteins were extracted by lysing cells in RIPA buffer supplemented with protease inhibitor and phosphatase inhibitor cocktail as described previously [37] . The cell lysates were subjected to 10% or 15% SDS-PAGE electrophoresis and transferred to polyvinylidence fluoride (PVDF) membranes, followed by immunoblotting with primary antibodies, and horseradish peroxidase-conjugated antibodies against rabbit or mouse IgG. The membranes were developed using the ECL-Plus Western blotting system (GE Healthcare Biosciences Corp., Pittsburgh, PA, USA) according to the manufacturer's instruction.
Propidium iodide (PI) staining and fluorescenceactivated cell sorting (FACS) assay
The experiment was performed as described previously [38] . Briefly, NB cells were seeded in 6 cm dishes and treated with 1 μM or 3 μM of YK-4-279 for 24 h. Cells were harvested by dissociation buffer, washed in ice-cold PBS and then stained with PI (#51-66211E; BD Biosciences, San Jose, CA, USA) and analyzed by FACS. Unstained cells were used as a negative control and untreated cells were used as a control for treated cells. Then analysis was performed on a LSR-II flow cytometer (BD Biosciences) using BD FACDiva software v. 6.0.
Quantitative reverse transcription polymerase chain reaction (qRT-PCR) assay
EWSR1 mRNA expression in different NB cell lines was measured using qRT-PCR assay. Extraction of RNA, cDNA synthesis and qRT-PCR was performed as described previously [37] . Assays were performed in triplicates for each sample using Power SYBR Green PCR Master Mix (Applied Biosystems) and normalized to GAPDH. The primers were designed using Primer 3.0 software and are shown in Table 3 .
Generation of stable NB cells expressing shRNA targeting EWS
A TRCB2 vector was used to generate shRNA plasmids for EWSR1. The following target sequences for EWSR1 have been selected shown in Table 4 . The authenticity of these plasmids was confirmed by sequencing. The TRCB2-EWSR1 construct was transfected into HEK293T cells with Lentivirus packing vectors using PEI transfection reagent. Viral supernatants were collected after 48 h. NB cell lines (SK-N-AS, SH-SY5Y, NB-19, and NGP) were incubated with virus containing medium in the presence of 4 μg/ml polybrene (Sigma Aldrich). Stable cell lines were established after five days of puromycin (0.5 μg/ml) selection and knockdown of the target gene was confirmed by Western blot.
Orthotopic mouse model of NB
Five to six-week-old female athymic Ncr nude mice (Taconic Biosciences, Hudson, NY, USA) maintained under barrier conditions were used for xenograft study. Mice were implanted using an orthotopic xenograft model of NB as previously described [22, 23] . Briefly, 1 × 10 6 human luciferase-transduced SH-SY5Y cells suspended in 0.1 ml of PBS were surgically implanted in the left renal capsule of the mice. Tumor growth was monitored weekly by bioluminescent imaging (IVIS Lumina XR System, Caliper Life Sciences, Hopkinton, MA, USA). After two weeks, mice bearing tumors with similar sizes were randomly divided into two groups: a DMSO control group and a YK-4-279 treatment group. Four mice in each group were treated for two weeks (YK-4-279 50 mg/kg or DMSO by intraperitoneal [i.p.] injection every other day). Two more sets of four mice each that had been bearing the SH-SY5Y tumors for four weeks were subsequently treated with either YK-4-279 or DMSO via i.p. injection for five days. At the end of the treatment, all mice were euthanized. Tumors and the right kidneys (control) were resected and weighed. Tumors were then submitted for Western blot analysis. All animal experiments are approved by Institutional Animal Care and Use Committee of Baylor College of Medicine.
Statistical analysis
Statistical analysis was performed using GraphPad Prism 5 software. All values were presented as mean ± standard deviation (SD).
* P<0.05, ** P<0.01, *** P<0.001 were considered to be statistically significant. Student's t test (two-tailed) or ANOVA (Dunnett's multiple comparison post-test) were used to analyze the difference between drug treatment groups and control groups. Survival analyses were performed using Kaplan-Meier method and two-sided log-rank tests.
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